I. INTRODUCTION
In organic light-emitting diodes (OLEDs), charges that have been injected from the electrodes recombine to form singlet or triplet states with a ratio of 1:3.
1 Efficient OLEDs are therefore designed in such a way that the originally formed triplet states are used towards light emission, e.g., by incorporating phosphorescent dyes 2, 3 or transferring the triplet energy back to singlet states. [4] [5] [6] [7] To avoid interactions between triplets that would lead to quenching, the triplet emitters are usually dispersed in a host matrix in which electrons and holes are transported. The host materials need to have energy levels that are suitable for charge injection as well as a triplet state energy that is higher than that of the emissive compound.
Recently, we presented the OLED performance of two bipolar host materials in which an electron-withdrawing triazine unit is combined with an electron-donating carbazole moiety, i.e., BPTRZ and MBPTRZ (see Figure 1) . 8 BPTRZ contains one central biphenyl unit, whereas MBPTRZ has two additional methyl groups attached on each of the phenyl rings of the biphenyl unit. The effect of the methyl group is to induce a strong twist between two central phenyl rings that reduce the electronic coupling between the donor and acceptor part of the molecule. It turns out that both varieties show a comparable device performance in OLEDs with the phosphorescent emitter FIrPic, irrespective of the twist in the central unit. 8 This indifference to the central twist is somewhat surprising. We recently compared the electronic structure of the related compounds CBP and CDBP. 9, 10 CBP consists of two carbazole units that are connected via a biphenyl bridge. The connection can be via the meta position as for mCBP and mCBP, shown in Figure 1 for reference, or via the para position as for pCBP and pCDBP. The triplet state of a) Author to whom correspondence should be addressed. Electronic mail:
anna.koehler@uni-bayreuth.de (both meta and para) CBP is localized on this central moiety, consistent with earlier studies on related compounds, with a T 1 energy at 2.6 eV. [9] [10] [11] [12] When the two phenyl rings are twisted against each other by adding methyl substituents such as to yield CDBP, the lowest triplet state is no longer localized in the centre. Rather, it is localized on the outer carbazole moiety and concomitantly the T 1 energy rises to 3.0 eV. While a high triplet energy is an advantage for its use as host material, the localisation on the carbazole moiety is also associated with a tendency to form triplet excimers in the thin film upon photoexcitation, which are centred at 2.5 eV.
A key difference between the CBP type compounds and the BPTRZ-type compounds is that the former are symmetric whereas the latter are of a donor-acceptor type and more prone to the formation of charge transfer states. In BPTRZ and MBPTRZ, the hole-transporting carbazole moiety is separated from an electron-transporting carbazole-substituted triazine moiety. In this work, we therefore aim to investigate whether torsion at the central biphenyl unit also enhances excimer formation in these bipolar materials or whether the bipolar nature of these compounds renders them indifferent to the effects of torsion in the centre.
We have investigated these issues by comparing the absorption, fluorescence, and phosphorescence of BTPRZ and MBTPRZ with two model compounds, TTRZ and the carbazole-derivative NTC. By contrasting the spectra obtained in dilute solution with those in the film, the effect of intermolecular interactions in the ensemble is assessed. The spectroscopic data are complemented by time-dependent density functional theory (TD-DFT) calculations.
II. EXPERIMENTAL SECTION
BPTRZ and MBPTRZ were synthesized as previously described by Wagner et al. 8 For solution measurements, materials were dissolved in methyltetrahydrofurane (mTHF), tetrahydrofurane (THF), toluene, acetonitrile, or cyclohexane at a concentration of 0.3 mg/ml. Solution measurements were usually carried out in mTHF, except when determining the spectral shift for different solvents (Figure 3 ), where THF, toluene, acetonitrile, and cyclohexane were used. Neat films were prepared by spin-coating in a glovebox under nitrogen atmosphere out of a 20 mg/ml mTHF solution. The absorption was measured at room temperature with a Varian Cary 5000 UV/Vis-Photometer. All emission spectra were taken with a Jasco FP-8600 spectrofluorometer. For the low temperature measurements, the sample was immersed in liquid nitrogen. The excitation wavelength for photoluminescence measurements was 320 nm (3.88 eV). To record fluorescence, the spectrometer was operating in steady state mode, i.e., with continuous illumination. The phosphorescence was recorded in a "delayed" mode; to achieve a pulsed excitation, the continuous light beam is sent through a chopper wheel with adjustable frequency. We adjusted the frequency such as to have a time laps of 250 ms between two pulses. The emission was recorded after a delay of 10 ms with respect to the excitation pulse to ensure all fluorescence has decayed, and the remaining phosphorescence signal was integrated for 72 ms (exposure time).
To compute the ground state optimized geometries of the molecules, Density Functional Theory (DFT) calculations were carried out using the coulomb attenuated CAM-B3LYP exchange-correlation functional together with the 6-31+G* split valence double zeta polarized basis set with diffuse s and p functions for all non-hydrogen atoms. Calculations were performed without any symmetry constraints. The optimized S 1 and T 1 excited state geometries and the vertical transition energies were calculated by using linear response timedependent DFT (TD-DFT). To visualize the transition density on a molecular orbital basis, a natural transition orbitals (NTOs) analysis was performed on the relaxed excited state geometries. All (TD-) DFT calculations were carried out with the Gaussian 09 program and visualization of orbitals was done with Gaussview 5.0.
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III. RESULTS AND DISCUSSION
A. Solution spectra
In this study, we aim to clarify the role of torsion on the formation of excimers in the bipolar host materials BPTRZ and MBPTRZ. Figure 2 (a) shows the absorption and fluorescence spectra taken at room temperature, along with phosphorescence and fluorescence spectra at 77 K in mTHF for the four investigated compounds. Both BPTRZ and MBPTRZ show an absorption spectrum with a pronounced peak at 3.8 eV. At lower energies, a shoulder at 3.6 eV is superimposed on the long absorption tail. It is instructive to compare the spectra of the two host materials MBPTRZ and BPTRZ to the model compounds TTRZ and NTC, which represent the two halves of the host material. It is evident that the spectra of MBPTRZ and TTRZ are identical except that the 3.6 eV shoulder is absent in the absorption spectrum of TTRZ. When the shoulder at 3.6 eV in the absorption spectrum of MBPTRZ is associated with the 0-0 peak of the NTC absorption, then the absorption of MBPTRZ may be viewed as a superposition of the absorption from TTRZ and NTC. It appears that there is a certain electronic separation between the two parts of the molecule, consistent with the strong twist at the central biphenyl of 90
• in the ground state (vide infra), that is expected to disrupt any conjugation. This separation applies even to BPTRZ, although the two central biphenyls form an angle of only 38
• in the ground state (vide infra).
It is interesting to compare the absorption to the room temperature fluorescence spectra (blue dotted line). BPTRZ and MBPTRZ feature a broad and unstructured room temperature fluorescence. This fluorescence, with a center of about 2.7 eV for MBPTRZ and 2.6 eV for BPTRZ, is shifted strongly, i.e., by about 1 eV, from the peak of absorption. Such a broad unstructured red-shifted emission is characteristic for a charge-transfer transition. It is tempting to attribute this to a transition between NTC and the TTRZ parts of the molecules. However, the same broad, unstructured, and red-shifted emission also prevails for TTRZ alone, implying that it is particular to the TTRZ moiety and does not involve charge transfer between the NTC and TTRZ parts of the BPTRZ and MBPTRZ molecules. To probe whether the same charge-transfer transition indeed occurs in MBPTRZ as in TTRZ, we have considered the dependence of the room temperature fluorescence of MBPTRZ and the model compound TTRZ in solvents of different polarities. 6 The MBPTRZ spectrum in non-polar cyclohexane is slightly structured with a high energy shoulder at 3.25 eV and an emission maximum at 3.03 eV. With increasing polarity of the solvent, the emission spectrum becomes broader and the emission maximum shifts to the red. In toluene, the maximum is at 2.81 eV, in mTHF at 2.58 eV, and in polar acetonitrile at 2.45 eV. For TTRZ, we obtain nearly identical spectra as in MBPTRZ with the same strong dependence on solvent polarity. This indicates that there is a strong charge-transfer nature of the S 1 state already in TTRZ, which is then also evident in MBPTRZ.
This conclusion is further confirmed by quantum chemical calculations. To assist the analysis of the spectra, we calculated the natural transition orbitals of all four compounds for the S 1 and T 1 state using time-dependent density functional theory (TD-DFT). the electron and hole in the S 1 or T 1 state. For the NTC, the transition takes place between orbitals delocalized over the entire carbazole moiety, as expected. 9 This applies to both the S 1 and the T 1 state. In contrast to this, the S 1 → S 0 transition in TTRZ involves a charge transfer from a carbazole unit at the triazine onto the triazine and the adjacent phenyl ring. 15 This charge transfer character is in full agreement with the observed strong dependence of the TTRZ fluorescence on the solvent polarity. Notably, for MBPTRZ and BPTRZ, the vertical S 1 → S 0 transition is associated with the same charge transfer as in TTRZ. Overall, it is a surprising insight that the charge-transfer character of the S 1 state in the bipolar matrix materials MBPTRZ and BPTRZ does not result primarily from charge transfer between the hole-transporting carbazole (i.e., the NTC part) and the electron-transporting carbazolesubstituted triazine unit (i.e., the TTRZ) but rather is due to charge-transfer within the TTRZ-moiety.
Upon cooling, the charge-transfer emission in BPTRZ, MBPTRZ, and TTRZ changes strongly. At 77 K (blue solid line in Figure 2 ), the spectra are shifted by about 0.4 eV to the blue spectral range and show vibrational structure. A hypsochromic shift upon cooling is unusual, yet in this case, it can be understood by recalling the strong dependence of this transition on solvent polarity (Figure 3) . The low energy (centred at 2.7 eV) of the room temperature emission in the polar solvent mTHF is due to the stabilization of the excited state by the polarization of the surrounding solvent molecules. Upon photoexciting the chromophore, the polar solvent molecules rearrange their orientation such as to optimize the electrostatic interaction with the dipole of the chromophore. Upon cooling to 77 K, mTHF becomes solid and geometric relaxation of the solvent is no longer possible. Correspondingly, the chromophore emission is only stabilized by the weak electronic contribution of the static solvent shell, resulting in a blue shift compared to the room temperature emission.
While BPTRZ, MBPTRZ, and TTRZ closely resemble each other in absorption and fluorescence, the spectra of the model compound NTC differ (Figure 2(a) ). Due to its rigid structure, the room temperature carbazole-derivative NTC shows a characteristic absorption with resolved vibrational structure and the fluorescence is a mirror image to the absorption with a small Stokes' shift. Apart from being less broadened, the 77 K spectrum is identical to the room temperature spectrum.
When regarding the phosphorescence spectra (red solid line in Figure 2 (a)), we observe very similar spectra for MBPTRZ, TTRZ, and NTC, yet a different spectrum for BPTRZ. The 77 K phosphorescence of NTC has a wellresolved vibrational structure with narrow features and a 0-0 transition at 3.0 eV, characteristic for carbazole or N-phenylcarbazole. [16] [17] [18] Comparison shows that the wellresolved 77 K phosphorescence in MBPTRZ and TTRZ matches that of the carbazole-derivative NTC, even though the absorption differs. The identical phosphorescence between MBPTRZ, TTRZ, and NTC in solution implies that the T 1 state is localized onto the carbazole moieties attached to the triazine. In contrast, for BPTRZ, the 0-0 transition of the phosphorescence occurs at 2.8 eV, and although the overall intensity distribution of the spectrum is similar to MBPTRZ, the vibrational peaks are broadened and thus significantly less resolved.
In order to appreciate why the phosphorescence in BPTRZ differs, it is helpful to consider the quantum chemical calculations in Figure 4 as well as to recall the earlier findings for CBP and CDBP. [8] [9] [10] Consistent with earlier work, 8 our quantum chemical calculations show that in the ground state, BPTRZ has a moderate torsion angle of about 38
• between the two central phenyl rings ( Figure 5 ). Upon photoexcitation, this remains unaltered for the S 1 state, yet the torsion angle reduces to 1
• in the T 1 state (also depicted in Figure 5 ). These conformational changes are analogous to those observed in CBP. [8] [9] [10] In contrast, for the methyl-substituted derivative MBPTRZ, the two central phenyl rings are twisted by 90
• with respect to each other for both the ground state and the excited S 1 and T 1 state. This is analogous to CDBP. From such a strong torsion, one would expect little electronic communication between the two halves of the molecule. This is indeed reflected in the natural transition orbitals that show the changes of charge carrier density associated with the S 1 → S 0 and T 1 → S 0 transition (Figure 4) . Here, "S 1 hole" and "T 1 hole" denote the location on the molecule where the electron density reduces upon the S 1 → S 0 and T 1 → S 0 transition, respectively, whereas "S 1 electron" and "T 1 electron" indicate an increase in electron density upon the respective transition. Evidently, the S 1 → S 0 transition involves a charge transfer from a carbazole attached to the triazine to the triazine and the adjacent phenyl ring. The carbazole that is not attached to the triazine is not involved. This is identical for TTRZ, MBPTRZ, and BPTRZ, as already mentioned in the context of the fluorescence data. It is conceivable that the finite torsion angles of 38
• and 90
• in the geometrically relaxed S 1 state of BPTRZ and MBPTRZ contribute to the electronic decoupling of the carbazole that is not attached to the triazine. In contrast, the T 1 → S 0 transition that we are now considering is localized onto a carbazole attached to the triazine for both TTRZ and MBPTRZ. This is consistent with the torsion angle of 90
• between the two central phenyls in the relaxed triplet state of MBPTRZ. However, in BPTRZ, the torsion angle of the central biphenyl in the relaxed T 1 state is only 1
• . This planarization renders the central unit into the energetically lowest triplet site, so that the T 1 → S 0 transition is localized onto the central biphenyl. We consider that this is the reason for the red-shifted spectrum in BPTRZ, fully consistent with earlier observations for CBP. 9, 10 
B. Thin film spectra
The spectra of all four compounds change when they are taken from thin films in place of the solution (Figure 2(b) ). Like before in solution, BPTRZ and MBPTRZ have nearly identical absorption and fluorescence spectra. However, compared to solution, the absorption spectra appear broadened and the red tail is more pronounced, which might be due to increased light scattering and reflection in the film compared to solution. Furthermore, the fluorescence spectra are now broad, unstructured, and identical for both room temperature and 77 K with a centre wavelength of 2.8 eV. This is at slightly higher energy than the fluorescence in mTHF and room temperature, yet at lower energy than the fluorescence in mTHF at 77 K. As in solution, this spectral feature can be understood by considering the dependence of the transition energy on the solvent reorganization and the polarizability of the medium surrounding the chromophore. Recall that in solution at room temperature, reorganization of a polar solvent leads to a large stabilization of the transition energy. In a frozen mTHF matrix, solvent reorganization is no longer possible, as already mentioned, and the chromophore is surrounded by molecules that are electronically only weakly polarizable at the wavelength of the incident light. Thus, the transition energy is stabilized only little. The situation is different in a thin film. There, the chromophore is embedded in other, chemically identical chromophores. These π-conjugated molecules are more electronically polarizable at the wavelength of excitation than the solvent molecules. Thus, the charge transfer emission of the photoexcited chromophore is stabilized by the electronic polarization of the adjacent molecules, even though there is no geometric reorientation in the solid. It is, in fact, remarkable that the energetic stabilization due to solvent relaxation in solution is only slightly stronger than that obtained in the film due to other chromophores, as is evident from comparison between the centres of room temperature fluorescence in solution and film.
We now consider the phosphorescence spectra in the thin film (red solid lines in Figure 2(b) ). Whereas for BPTRZ, the phosphorescence spectrum in the film is similar to that in solution except for being slightly narrower, the phosphorescence of MBPTRZ is very different, showing a broad, poorly structured emission centred at about 2.5 eV. The same spectral changes are also observed for TTRZ. Thus, the thin film spectra of MBPTRZ and TTRZ resemble each other, apart from a slightly different intensity distribution in the broad phosphorescence peak. Like before in solution, the thin film phosphorescence of MBPTRZ and TTRZ matches that of NTC while the absorption and fluorescence spectra differ. For NTC, we know that the triplet excited state is located on the carbazole. Carbazole and its derivatives are prone to the formation of excimers, in particular, in thin film. In particular, the broad unstructured emission centred at 2.5 eV is characteristic for emission from the triplet excimer of carbazole, which we therefore also identify as the cause for the broad phosphorescence here. 9, 10, 16, 18, 19 Since the electron density in the triplet excited state is localized on the carbazole moiety in TTRZ and MBPTRZ (Figure 4) , we also associate the similar phosphorescence spectra in TTRZ and MBPTRZ to excimer emission. In contrast, we observe no indication of triplet excimer formation for the planar BPTRZ. The observation of excimer emission for MBPTRZ and the lack of excimer formation in BPTRZ are analogous to the cases of CDBP and CBP, respectively. For CBP, the central location of the electron density associated with the transition prevents excimer formation, whereas the introduction of a central twist in CDBP leads to electron density on the outer carbazole moieties and thus to excimer formation. Thus, we find in our investigation that for the donor-acceptor type host materials BPTRZ and MBPTRZ, torsion of the central biphenyl in MBPTRZ leads to the appearance of excimer emission upon photoexcitation of a thin film while this is prevented by the planar conformation of BPTRZ that localizes the triplet state on the central biphenyl unit. This is analogous to CBP and CDBP, and it is not affected by the bipolar nature of the investigated molecules.
IV. CONCLUSION
Thus, in summary, we find that in these bipolar host materials, substitution of BPTRZ at the central biphenyl unit to form MBPTRZ induces a torsion that electronically decouples the two parts of the molecule, so that the triplet state is localized on a carbazole moiety. This has the desired effect of shifting the phosphorescent, carbazole-based ππ * transition isoenergetic, or even energetically above the charge-transferfluorescence (compare the blue dotted line with the red solid line in Figure 2(a) ). In principle, MBPTRZ has a perfect level arrangement for thermally activated delayed fluorescence, in contrast to BPTRZ. In practice, however, in neat films of MBPTRZ, the localization of the electron density on the carbazole renders it prone to excimer formation upon optical excitation, so that the beneficial level alignment cannot be exploited.
One may now wonder why we nevertheless observe a comparable, good performance of both materials as host materials in devices. 8 In such devices, the host material is doped with a sufficient concentration of phosphorescent guest molecules that are chosen in such a way that (i) their energy levels promote electron and hole recombination on the guest and (ii) the guest T 1 energy is lower than the host T 1 energy. We recall that an excimer is only formed when a photoexcited chromophore interacts electronically with another chromophore, so that an optimization of geometry results that further stabilizes the thus-formed excited state. 16, 18, 20, 21 The low-energy excimer site (at 2.5 eV) is not available, e.g., as a trapping site for charges, when the chromophore is not photoexcited. In an OLED under operation, electrons and holes are transported by the host molecules. We conjecture that as long as the guest concentrations and energy level alignments are chosen well, charges do not recombine on the same host molecule but rather on the guest molecule. Since there is no initial host molecule in a T 1 state, an excimer cannot be formed. Thus, even though excimers dominate the emission spectrum for photoexcitation, they can indeed be absent for electrical excitation, as is realized in a well-built OLED under operation. 8 
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